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SUMMARY 


In this report are presented the detailed 
literature search on corner flows and wall pressure 
fluctuations, design and fabrication of the test model, 
preliminary results on boundary layer, flow visualiza- 
tion, turbulence intensity and spectra measurements. 
Also presented are the design considerations and fabri- 
cation report on the newly built wind tunnel to be 
used for subsequent continuation of the -research effort 
on this project. 


* 


LITERATURE REVIEW ON CORNER FLOWS 


I . 

The literature review on corner flows can be 
carried out in two parts, laminar and turbulent corner 
flows. Each of these can be further subdivided into 
several cases. Two cases of practical impprtance to 
turbomachi nery component configurations are: 


(a) When boundary layer development starts at 
the same time on both the bodies and 

(i) the surfaces of both of the 
bodies are uncambered 

(ii) One of the body surfaces is un- 
cambered and the second is cambered. 

(b) When boundary layer developed on one of the 
bodies is intercepted by the second body and 

(i) the surfaces of both of the bodies 

i 

are uncambered 

(ii) The body with initial boundary layer’ 
is uncambered and the intercepting body is 
cambered . 
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These two cases of interest are schematically 
shown in Fig. 1 (a,b) 

1 . 1 Physical Characteristics of Corner Flows 

In case (a) when both the shear layers start at 

I, 

the same time, as in the case of flow through ducts, in the 
Initial laminar portion, the isovels (line joining equal 
velocity points) bulge away from the corner as shown in 
Fig. 2(a). However, after the shear layer becomes turbulent, 
the bulge turns toward the corner. When the flow is 
laminar, the production of the streamwise component of vorti- 
city, which gives rise to the secondary flow, is due to 
stretching of the vorticity vector and skewing of the 
mean shear by action of a transverse pressure gradient or 
body forces. Prandtl called it the Secondary Flow of the 
Fi rst Ki nd . 

When the flow becomes turbulent, the time averaged 
action of anisotropic, inhomogeneous turbulence transports 
the vorticity, and the resultant orientation gives rise to a 
streamwise component. This is called the Secondary Flow of the 
Second Kind. 


- 2 - 





In case (b), Secondary Flow of the First Kind 
Is predominant. The vortex sheet in the boundary layer of 
the first body is skewed by the presence of the second 
body, which gives rise to a "horse shoe" vortex. 
Downstream, along the corner, the turbulent stresses 
dissipate the strength of this "horse shoe" vortex and 
inside this envelope Seconday Flow of the Second Kind 
starts forming. The shape of the "horse shoe" vortex is 
strongly dependent on the shape of the leading edge of 
the body obstructing this flow. 

Isovels of case (a) and the secondary flow 
directions of case (b) are shown in Fig. 2 (a,b) and 
Fig. 3 (a,b), respectively. These figures are qualita- 
tive representati ons . Depending on streamwise curvature 

i 

of the surfaces and roughness of the surfaces, there 
will be asymmetry in the isovels and secondary flow. 

Fig. 2 (a,b) and Fig. 3 (a ,b) refer to Fig. 1 (a) and 
Fig. 1 (b), respectively. 
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Z Horse Shoe Vortex 



Figure 3. Development of Horse Shoe Vortex 



1 .2 Boundary Layer Development Starts ait the Same Time 

on Both the Bodies 


1.2.1 Laminar Corner Flows 

i 

4 * 

1.2. 1.1 Theoretical Analysis 

The problem of laminar flow In streamwlse 
corners was first studied theoretically by Carrier [1]. 

He considered the change In fslasius solution due to the 

i 

presence of the perpendl cular wall and solved the stream* 
wise momentum and continuity equations. His analysis was 
incomplete since he neglected the effect of the streamwise 
vorticity. Dowell [2] tried to estimate the error In the 
velocity prediction in the direction of edge by lineariz- 
ing the boundary ’layer equations given by Carrier, however, 
only a minor modification was made Pearson [3] Introduced 
the effect of streamwise vorticity in his formulation of the 
problem. Rubin [4] assumed two potential functions, instead 
of one as done by Carrier [1], to solve the differential 
equations. Rubin's [4] analysis showed that several distinct 
regions can be defined and the equations governing the various 
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motions can be coupled through asymptotic boundary 
conditions. Pal and Rubin [5] and Rubin and Grossman [6] 
developed the numerical technique to solve these equations, 

The existence of secondary flows towards the corner was 
demonstrated by these analyses. These analyses also made it 
possible to define boundary conditions for a limited region 
in the corner, In the numerical calculations Rubin and 
Grossman [6], using the above boundary conditions and the 
Gauss Seidel method of successive iteration solvfed the equa- 
tions , 

A new approach of using curvilinear coordinate 
system was devised by Zamir [7,8,9]. His results showed 
that the streamwise pressure gradient has a great effect on 
the sign and magnitude of the secondary flow. Zamir used a 
velocity distribution of the form U = Ax 11 in the plane of 
symmetry, and found that the direction of the secondary flow 
on the plane of symmetry depends on the exponent "n". 

Ghia and Davis [10] obtained a numerical solution for , 
first higher order potential flow. For incompressible poten- 
tial flow, the displacement effect in the corner is assumed to 
be the superposition of the displacement effects of the two 
intersecting semi - inf i ni te plates forming the corner, Ghia 
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and Davis [10], Ghl a [11], and Patel and Gog 11a [12] used the 
alternating direction implicit method In solving the govern- 
ing equations of the incompressible laminar boundary flow 
in axial corners. For large values of axial distances, 

Patel and Gog 1 i a [12] found good agreement^ wi th the results 
by Rubin and Grossman [6], Ghia's [11] results did not 
show the bulge as predicted by Zamir [7,8,9] and found by 
Zami r and Young [13].' 

1 . 2 . 1 . 2 Experimental Investigations 

Compared to the theoretical effort.* little experi- 
mental effort has been made on the subject because of the 
difficulties involved in getting a thick laminar corner 
layer where useful measurements could be made, Zamir [7] and 
Zamir and Young [13] made detailed measurements in laminar 

i 

flow along a 90° corner. The leading edges were streamlined 
similar to the front half of airfoils and measurements were 
taken with total pressure and a hot wire anemometer at 

4 

Re<6 x 10 . Their measurements showed that the isovels 
bulge away from the corner in laminar flow which is contrary ( 
to that in turbulent flow. They also found a progressive 
distortion in the velocity profiles with the distance from 
the leading edge. Barclay [14,15] studied the laminar flow 
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along a 135° corner and found that the effects are much 
smaller than that along a 90° corner and that the distor- 
tions are damped along the downstream distance, contrary 
«:o the findings of Zamir and Young [13]. This difference 
is supposedly due to the difference in leading edge shape 
(a sharper leading edge was used by Barclay) in the two 
cases. The analytical solution of Carrier [1] seemed to 
give a good representation of the flow along a 135° corner 

El-Gamal [16] and El-Gamal and Barclay [17] studied 
the flow near a rectangular corner with sharp leading 
edges. The pressure gradient along the .corner was zero 
or slightly favorable. The profile distortion of the 
type noted by Zamir and Young [13] was completely absent 
in their result. This difference again was attributed 
to the di f ference' i n the shape of the leading edge of 
the corners. 


1 . 2,2 


T u rbulentC orner Flows 


1 .2.2.1 Theoretical Analysis 

Many investigators used the integral method of cal- 
culation for predicting the behavior of flow near the corner, 
Ligget, et al [18] and Toan [19] were successful in getting 
the bulge in the isovels by the integral method of calculations. 
Bragg's [20,21] method of modified law of the wall met with 
very little success in the flow very near the corner. An 
"interference" momentum integral equation, to allow for the 
presence of the second wall by Gersten [22], Bragg [20] and 
Perkins [23] also did not succeed completely. 

The mixing length and eddy viscosity models, tried by 
Ibragimov et al [24], Gerard [25] and KlinkSiek [26] could not 
predict the value of v 2 , w 2 , 7w. The numerical solutions, 
based on the model suggested by Launder and Ying [27], provided 
good agreement for isovel patterns and secondary flow stream- 
lines but provided too small values for the kinetic energy 
and (v 2 - w 2 ). Gessner and Emery [28,29], Gessner and Po [30] 
did extensive work on Reynolds stress model relating all the 
six components to mean rates of strain to give global mixing 
length representation. However, they failed to predict 

“p 2 

( v - w ) correctly . 
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Reynolds stress model similar to Launder and Ying [27], 
but modelled by means of transport equations was used by Naot 
et al [31]. This modeling obtained better agreement for 
(v - w ), but it over-emphasized distortion of the isovels. 

The transport equations of $ and q , were used by Tatchell [32], 

y 

in a modified model of Launder and Ying [27] for analyzing fully 
developed flow in a square duct. The model did not provide good 
agreement near the wall. 

Mikhail and Ghia [33] analyzed the effect of compress- 
ibility and turbulence using two layer eddy viscosity model as 
used by Cebeci [34]. Gessner and Emery's [29] algebraic model 
was modified to cover the entire corner region instead of asym- 
ptotic corner region alone. Results obtained by Mikhail and 
Ghia [33] do not agree too well wi‘th Shafir and Rubin [35], 

1.2. 2. 2 Experimental Investigations 

» 

Many investigators have reported the nature of secondary 
flow and the bulge in the isovels towards the corner. However, 
Rodet [36] was the first to measure the Reynolds stress tensor. 
Perkins [23] has shown that Rodets measurements were not very 
reliable due to poor accuracy. Because of the same reason 
Brundretts [37] measurements in square and rectangular ducts 
are unreliable. 
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The preliminary study of turbulence characteristics 
by Gessner and Jones [38] shows that free stream turbulence 
does not effect the isovel patterns. Launder and Ying [27] 
showed that the secondary velocities normalized by friction 

I 

velocities for different roughness ducts have the same profiles. 

The measurements made by Letheusser [39] and Ahmed 
and Brundrett [40] show that wall shear stress in the vicinity 
of the corner falls rapidly to zero for square and rectangular 
ducts and is nearly uniform around the duct perimeter. 

Mojola and Young [41] and Mojola [42] reported the 
results of experiments on developing flow in unbounded 90° 
corners under zero and adverse pressure gradients. The wall 

shear stress shows a peak near the corner and rapidly falls 

* 

to zero at the corner. The turbulent boundary layer was found 
to be more stable than the laminar one from these measurements. 
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1 , 3 Boundary Layer Developed on One of the Bodies is 
Intercepted by the Second Body 

This class of corner flow is dominated by skew induct- 
ed secondary flow (Secondary flow of the First Kind)* Due to 
the complexity of the problem, very 11 ttle theoretical study 
has been done on this type of flow. The studies on this type of 
flow is further subdivided into two groups. 

(i) A cascade of bodies (blades/vanes) intercepting 
the incoming boundary layer as occurs in turbo- 
machines (called end wall boundary layer flow). 

(ii) Only one body is intercepting the incoming bound- 
ary layer or the effect due to the adjacent bodies 
(blade/vane) in the cascade are negligible (called 
wing body juncti ons ) , 

i 

1.3.1 Cascade of Bodies Interce pti ng The Incoming 
Boundary Layer 

Hertzig et al [43] by flow visualization experiments, 
showed the complexity of this type of flow. The three-dimen- 
sional deflection of end wall boundary layer resulted in passage 
vortices along with the "horse shoe" vortex due to the leading 
edge shape. Armstrong [44,45] reported a higher order of loss 
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and Turner [46] showed that boundary 1 aye ^ suction reduced 
the loss but that there was no change in the flow pattern. 

Senoo' s [47] study showed that the effect of the wall boundary 
layer depends on the cascade geometry. Recent work on the 
total pressure distribution at the inlet and outlet are 
mainly due to Came [48 ] and Carrick [49], , 

Prumper [50] and Belik [51] showed the presence of the 
"horse shoe" vortex and separation ahead of the leading edge due 
to the "horse shoe" vortex, Owczarek [52] and Owczarek et al 
[53] discussed the side wall boundary layer migration and ac- 
cumulation in the corner and presented a model for the roll 

up passage vortex and effect of Reynolds number on it. 

* 

Dring [54] presented a momentum integral analysis for 
turbine endwall boundary layer. The solution provides the 

distribution of bounday layer thickness and skewing over the 

* 

endwall and total pressure deficit of the flow leaving the 
endwall at the suction surface. 

Studies by Sjolander [55] and Langston et al [56] ex- 
perimentally demonstrated the importance of the "horse shoe" 
vortex in turbine cascades. One leg of the vortex encounters 
the suction surface at the point of initiation of the passage 
ortex, Bradshaw et al [57] considered that' it was due to the 
thick leading edge of the blades used. IN the case of slender 
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blades the "horse shoe" leg will move only part way across the 
passage, Marchal and Siverding [58] confirmed the results 
of Sjolander and Langston. They concluded that the "horse 
shoe" vortex and its associated phenomenon are more signifi- 
cant in turbines than in compressors, ‘ 

Penken [59] investigated the effect of sharp corners 
on secondary flows and suggested that rounding of these corners 
will reduce losses. Investigations by Lakshmi narayana et al 
[60,61] were carried out near the tip of compressor blade and 
included the effect of tip clearance and scrapping vortex along 
with the interaction of wall boundary layer and the blades. 

Unless the amount of loss contributed by these are determined 
along with their interaction, it is not possible to find the 

effect of corner flow alone, 

» 

1.3.2 Only One Body is Intercepting the Incoming Bo undary 

Layer 

The study of flow at the junction of a flat plate and a 
cylinder was extended to a symmetrical airfoil at zero incidence, 

i 

for the first time by Vasant Ram [62], East and Hoxey [63*64] 
conducted some flow visualization and pressure measurements near 
the leading edge of a simplified wing body junction and collected 
data for improving integral calculation methods. 
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The investigations conducted by Sepri [65], Chu 
and Young [66] and Young [67] represents a major part of the 
investigation carried out on this subject. Flow-visualization 
studies showed that formation of one or more vortices depend on 
the Reynolds number. Mean values of the three velocity compon- 

J 

ents along with static pressure were measured using a five 
tube yaw meter, near the corner. Some of these measurements 
were checked by using a hot wire probe. 

Naranjit [68] investigated the near wake of a simple 
wing body combination. The total pressure measurements showed 
that the wing wake merged with the fuselage boundary layer with- 
out much distortion. His results show clear evidence of an 
associated streamwise vortex on both sides of the wake. 

Shabaka [69] conducted extensive experimental investi- 
gation at the corner of an ideal wing body junction formed by a 
flat plate and an uncambered and constant thickness wing, He 
measured the distribution of body wall static pressure and all 
the shear stresses on both the surfaces along with mean velocity 
distribution. From his measurements ,it was observed that eddy 
viscosity and mixing length models are not suitable for modelling 
the flow in wing-body corners, where asymmetrical boundary layers 
interact. He found that the secondary flow in this case was of 
the First Kind and there was no evidence of the doubl e- vortex 
pair. However, he found that the strength of the "horse shoe" 
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vortex rapidly reduces in the down stream direction due to the 
diffusion action of the Reynolds stress. The corner secondary 
flows contributed greatly to the turbulent kinetic energy. 
Regions of negative shear stresses were found in the corner. 

Murray [ 70 ] used the technique of successive coordinate 
transformation involving complex analytic functions to con- 
struct a general curvilinear coordinate system for the wing- 
body combination* Using a numerical technique, he solved 
the equations to find the distribution of the pressure coeff- 
icient over the wing body surface. 

From the foregoing review, it is evident that very 
little basic work is done which will lead us to solve Case 
b{ii), which is a logical step towards analyzing the flow 
in turbomachi nery . Whatever work is done in this field is 
developmental research in nature. The theoretical and experi- 
mental work done on wing-body junction are all on the simplified 
wing-body junction, which does not account for a number of 
parameters associated with the real life case. 

One of the most obvious real life problems is streamwise 
curvature. This is present even if the body is non-lifting 
type (symmetrical airfoil, elliptical bodies, struts, etc.), 
due to the thickness distribution in the flow direction. This 


will introduce a curvature in the streamline i.e. the stream- 
lines will be skewed giving rise to Secondary Flow of the 
First Kind, which may be in the same or opposite sense of the 
"horse shoe" vortex, depending on the type of curvature. The 
second effect is the pressure variation along the corner due 
to streamwise curvature. The effect of streamwise pressure 
gradient will be felt both on skewing of the vortex tubes 
leading to secondary flow of the First Kind and the effect 
on turbulence which will lead to the modification of the 
Secondary Flow of the Second Kind. The effect of streamwise 
curvature on the turbulence quantities are one order of magni- 
tude higher than the rate of strain introduced by the curvature 
itself. Due to this, the Secondary Flow of the Second Kind 
(which leads to the formation of double vortex) may be greatly 

effected by curvature. 

■ 

There is need to study these various aspects of the pro- 
blem associated with streamwise curvature before we try to 
make any intelligent guess on the amount of loss associated 
with the presence of the corner. 
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II LITERATURE REVIEW ON WALL PRESSURE FLUCTUATIONS 


Kraichnan [71], through theoretical analysis, found 
that the primary contribution to the pressure fluctuations in 
the turbulent boundary layer, is the interaction of the tur- 
bulence with the mean shear. He estimated 'that the magnitude 
of the root-mean-square pressure fluctuations at the wall 
were of the order of the wall shear stress* Also, different 
scale eddies contribute to the wall pressure fluctuations and 
these eddies have different convection speeds. From flow 
visualization studies, Willmarth and Wooldridge [72] stated that 
low frequency, large scale flow disturbances are produced by the 
combined effects of Taylor-Goertler boundary layer instability 
and density stratification of the air near the wall. When the 
density stratified air is accelerated into the test section, 
vorticity is produced and causes the large scale low frequency 
wall pressure fluctuations. 

Another explanation is provided by Bradshaw and Koh [73]. 
According to them, contribution to pressure fluctuations is due 
to : 

(i) Square of the rate of strain 
(ii) Square of the vorticity 

They considered Poisson equation for the pressure (incompressible 
turbulent flow) which is written as 


* 1 


ORIGINS 

OF POOR QUALITY 


1 

»■* **» m ■. * — 

p Dx* 
J 


dUi 

Dx j 9x i 


0) 


In this Eqn, both p and Uj have mean and fluctuating parts, 

The right hand side of Eqn. (1) is called the forcing function 
and Is divided into two parts as explained earlier, Eqn, (1) 

r 

can be transformed to Eqn* (2) after some simplification, 


_ I ilE - e 2 - 4- J (2) 

? Ox? 

X 

where e is the strain rate and . is the vorticity vector. The 
rate-of-strain contribution comes from near saddle points in the 
streamline pattern (streamlines approaching a given point from 
north and south, and leaving it from east to west, as seen by an 
observer moving with the fluid at the point) and this contribution 
tc the right-hand side of Eqn. (2) is positive. As a result 3 2 p/ 
3x| tends to become negative near the point considered and p 
tends to be a maximum there. Roughly speaking, the rate-of- 
strain contribution to the fluctuating pressure results from eddy 
collisions. On the other hand, the vorticity contribution is 
negative, implying p tends to be minimum at the point considered 
and this contribution is as a result of eddy rotation. , 

If some miniature device is introduced (assuming the 
pressure fluctuation scale is larger than the effective sensing 
length) into the stream, it creates and record dynamic stresses 
which are different from the static pressure fluctuations [74]. 


Some of the earlier work avoided direct measurement of pressure 
fluctuations and instead used velocity correlations (obtained 
with the use of hot-wire measurements) to compute pressure 
correlations. But this can be done only for Isotropic turbul- 
ence [75], Wlllmarth et al. [72] were the first who did Inten- 
sive measurements of the pressure fluctuations on the wall 
beneath a thick turbulent boundary layer by using flush mounted 
pressure transducers. 

Experimental measurements of the wal 1 -pressure fluct- 
uations beneath turbulent boundary layer flows have been reported 
by many authors [References 76 - 80]. It is pointed out by many 
investigators that experimental results are affected more by 
the size of the pressure transducers than other parameters such as 
vibration of pressure transducer, sound field in the test-section, 
frequency range, spacing of the transducers and surface roughness. 

t 

In a turbulent boundary layer, the pressure field is a 
random continuous scalar function of space and time. In order to 
recover statistical properties of the pressure field at a point, 
knowledge of some average of these properties over a finite 
surface is not sufficient. The finite size of the transducer , 
gives rise to many problems. For example, the finite size 
of a transducer sensing element limits the space resolution of 
a pressure field associated with a local turbulent flow, A 
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transducer sensing element of non-zero size can only resolve 
adequately a spatial distribution of pressure, the length scale 
of which is greater than the characteristic dimensions of the 
transducer face, The size of the transducer should be such 
that the sensing element has sufficiently small area to give a 
good account of a fine spatial structure. ' 

It was pointed out by Willmarth et al. [72] that the 
transducer response to pressure fluctuations, whose length scale 
is of the order of the diameter of the sensitive area of the 
transducer or greater, will not suffer serious cancellation 
effects, it was noted that pressure fluctuations of scales for 

which the half wave length was greater than<S730, were not 

* 

seriously affected by the transducer size. The characteristics 
of one of such transducer are: 

Transducer diameter d s 4.140 mm ^ * 127 mm 
6 n 12,496 mm, r/ 6* = 0,V66 - Type-lead 
zirconate transducer, Ref, [72]. Where <5 
is boundary layer thickness, 

Response of the transducer, expressed by Its receiver 

function, decreases as the size of the transducer increases [81], 

« 

For a periodic pressure, distribution and a circular transducer 

2 2 

of radius r, the receiver function is proportional to 4j^(kr)/(kr ), 


where J -j ( • - ) denotes the Bessel function of the first kind. 
Receiver function depends only on the spatial wave length 
^ * 2JT/k and on the size and shape of the transducer. 

Receiver function is independent of X if 2r<iA . The con- 
straint on the transducer size is expressed by the relation [81]: 

* 0.861 
r£& = 0.01738 "D R x 

where tD is kinematic viscosity, - free stream velocity 

dorcos [82] gave a scheme to correct systematically, 
experimental measurements of all statistical averages related 
to the space-time correlation of the pressure. It was found that 
these corrections were quite large. In fact, in most experiments 
the fine scale contribution to the pressure signal has been so. 
attenuated by the sensing element as to have escaped detection. 
Extrapolation from the recorded frequency spectra for the 
smallest detected scale, properly corrected for transducer 
resolution, suggest that the contributions which have been over- 
looked may be an appreciable fraction of the signal. As a con- 
sequence, some important experimental quantities such as the 
fluctuating pressure intensity etc. may have been measured with 
gross error. It was also noted that the correction factor for' 
the pressure intensity is far from a linear relationship with 
transducer size, so that extrapolation of pressure intensity 
from results obtained with inadequate transducer size are 
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likely to be misleading. He pointed out that the transducer 
size used by Will ma r th [72] was still large because they could 
not resolve a large fraction of the total pressure signal. 

The effect of various parameters on pressure fluct- 
uations measurement is briefly given below', • 

(a) Effect of transducer size: 

It was observed [76] that when the size of pressure trans- 
ducer was quite large compared to boundary layer thickness, it 
caused attenuation of the pressure signals at high frequencies 
due to the cancellation of small-scale components of the pres- . 
sure field over the face of the transducer. As a result, 
small-scale fluctuations could not be analyzed or measured accu- 
rately. Will mart h and Roos [76] studied experimentally the 
effect of size of circular transducers. Value of J~^/ T w (ratio 
of root-mean-square wall pressure to the wall shear stress) is 
calculated for different radii of pressure transducers. The 
results are tabulated below [76, Fig. 6] 


* 

r 'IS 

n 

VP 

0.0 

2.66 

0.061 

2.54 

0.104 

2.46 

0.166 

2.31 

0.221 

2.20 


I * 

I 
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where $* is displacement thickness, f? root mean square wall 
pressure and £ w wall shear stress. 

The root-mean-square wall pressure measured by a 
transducer of vani shi ngly smal 1 size is y~I/£ w * 2-66 (obtained 
by extrapolation) and is approximately 13% higher than the 
value obtained by the transducer used by Wil'lmarth and Wooldridge 
[72]. 

(b) Effect of vibration: 

It was found that the signals caused by vibration of 
the pressure transducer amounted to less than 1/100 of the mean- 
square wall pressure fluctuations [72] and did not significantly 
contribute to the error in results. 

(c) Effect of sound field: 

While studying the effect of sound pressure, it was noted 
that spectral density of the sound had a peak at 135 cycles/sec 
[72] and at higher frequencies, spectral density was proportional 
to the inverse square of the frequency. The mean square sound 
pressure was 1/32 of the mean square wall pressure fluctuations. 
The signal from the pressure transducer may contain extraneous 
contributions due to the sound field in the working section in 

• 

addition to contributions by other sources such as vibration and 
electronic noise. The sound pressure level was found to increase 
in the downstream direction [77]. At low free stream speed, the 
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mean square acoustic pressure amounted to 1.6% of the measured 
mean-square wall pressure at the upstream end of the working 
section and increased to 5.2% at th.e downstream end, while 
at higher flow speed, the corresponding values were 2.7 and 
10.2%. It was also noted that the sound pressure signal had a 
broad band character, the power spectral density being highest 
at low frequencies and falling off with increasi ng* frequency . 

In order to avoid these background effects, the spectral density 
measurements of the wall pressure were rejected for frequencies 
less than 300 cycles/sec. This frequency set the lower limit of 
frequency for measurements. The upper frequency limit for power 
spectral density measurements was set by the spectrometer used 
and for correlation work by the response of the tape-recorder. 

It was experienced [77] that the pressure field can be 
divided into two families of wave-number components, one of high 
wave-number components and other of low wave-number components. 
The property of the high wave-number family at small separations 
that its components lose coherence more rapidly than the higher 
wave-number components, leads to the similarity »>f 
u V U c^ and w WU c (w) (where and are the components of 

** » i 

the separation vector in the streamline (x-|) and cross-stream 
(Xg) directions, U c - convection velocity, eo- angular velocity). 
At the same time, the spectrum of correlated components is becom 
ing progressively curtailed at high wave-numbers as separation 
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increases. At small separations, variations of longitudinal 
space-time correlations have sharp narrow peaks indicating 
a broad spectrum of correlated wave-numbers, but as separation 
increases, the peaks rapidly disappear and curves become broader 
and flatter, indicating a progressive loss of high wave-number 
contribution. The results of broad band convection velocity 
show that, initially, there is a strong contribution from the 
innermost part of the fully turbulent region of the constant 
stress layer and possibly the transition region also, but at 
larger separation distances the broad-band convection velocity 
rises rapidly towards the asymptotic value of 0.825 U Q character 
istic of the large-scale structure of the field. This indicates 
that the contribution to the pressure correlation from the fine 
scale motion in this region close to the' wall- becomes small 
because of the rapid dissipation and dispersion of pressure 
sources by the high shear occuring there. The variation of 
broad band convection velocity suggests that the influence of 
the high wave-number family persists for the time taken for it 
to be convected a distance of at least 10$ . 


III. 


DESIGN AND FABRICATION OF THE TEST MODEL 


The test model consisted of the following two 

parts : 

(a) Flat Plate Assembly 

(b) Airfoil 

i 

The description of the flat plate assembly and 
the airfoil is as follows: 

3 , 1 Flat Plate Assembly 

The initial design concept of a flat plate turned 
out to be a design of complex flat plate assembly. The design 
required to satisfy many conditions such as obtaining a thick 
boundary layer, data transferring capability without any inter- 

• t 

ference to the flow over the test model. Airfoil installation 
on both sides without bending, provisions for aligning it to 
the flow direction .arid injection of flow visualization agents. 

All the conditions were met by the design shown iri Fig. 4. 

The design consisted of an assembly of two, (93.4 X 45.7 X 6.4 ) mm 
plates made of 2024 T4 bare aluminum alloy. Ribs, (6.4 X 12.7) mm 
were inserted between the two plates to keep the surfaces of the 
long plates free of curvature. The leading edge of the plate is 
made from 19 mm diameter aluminum bar. The trailing edge is formed 
by a 25.4 X 19 mm aluminum bar. The ribs and the plates are held 


All Dimensions are in run 







together by equally spaced flush screws #10 - 32 thd. made 
from steel and spaced 50.8 mm apart. The static pressure 
holes are connected to polyethylene tubes through the stain- 
less steel tubes. The fabrication of flat plate assembly 
was done with inhouse capability. , 

3.2 Airfoil 

The base profile for the uncambered airfoil design 
was selected to be standard NACA 65 - 015. Based on the com- 
promise of obtaining a thick boundary layer on the airfoil 
and its stall characteristics, the leading edge diameter was 
chosen to be 1.27 cm and the trailing edge diameter of 0.25 cm. 
The constant cross-section airfoil was split into two parts, each 
having a span of 21.9 + 0.01 cm, to fit into the upper and lower 
sides of the flat plate assembly (Fig. 5). The decision to 
split the airfoil into two parts was made to reuse the flat- 
plate assembly for subsequent tests with cambered airfoils. A 
hole of diameter 0.95 cm was drilled through the airfoil's split 
parts to attach them to the two sides of the flat plate assembly 
with a bolt. The airfoil parts were manufactured by Keriric 
Industries, Conn, from aluminum. With the help of additional * 
alignment points, the airfoil can be located on the flat 
plate assembly in any required position. 

The test model assembly photograph is shown in Fig. 6. 
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IV. PRELIMINARY MEASUREMENTS 

Prel i m 1 nary' measurements were required to 
select and set up the inlet flow conditions to establish the 
region of influence of the corner flow region, determine 

r 

the overall magnitude of turbulence quantities, make an 
appropriate choice of probes and instrumentation for final 
measurements, and observe the overall structure of the 
corner flow region. To collect the above mentioned information, 
the preliminary measurements were carried out in the following 
three steps; 

o Boundary Layer Studies 

* 

o Flow Visualization Studies 

o Turbulence Studies 

(i) Turbulence Intensity 
(it) Turbulence Energy Spectra 

All the foregoing measurements were conducted in the old Wind 
Tunnel while the new Wind Tunnel was being fabricated. The new 
Wind Tunnel will be used for final and extensive measurements 
after satisfactory completion of the shake down test. 

i 

4 , 1 Boundary Layer Studies 

The main purpose of this study was to obtain a stable 
and thick turbulent boundary layer on a flat-plate ahead of the 
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beginning of the corner region. The location of the point 
of measurement is shown in Fig. 7, and is located 250 mm from 
the flat plate leading edge and 70 mm in the transverse direc- 
tion from the blade leading edge. The standard boundary layer 
probe used was made by United Sensors, from* 0.5 mm diameter 
stainless steel tube and flattened to 0.25 mm to give an ellip- 
tical cross section. The probe was connected to a pre-cali- 
brated Valldyne type transducer and the pressures were read 
on a DISA digital voltmeter. 

The flat plate was set for zero incidence. The maxi- 
mum difference of pressure between any tw,o of the 12 static 
pressure holes was 0.2 mm of water. The boundary layer thickness 
was measured for the following four conditions in the test sec- 
tion : 

(i) Flat plate without any aids to increase the 
boundary layer thickness. 

(ii) Turbulence generating grid and flat plate 
(The grid was mounted 250 mm upstream the flat 
plate leading edge Fig. 8 and Fig. 9 show the 
grid configuration and its turbulence charact- , 
eri sti cs ) . 

(iii) Flat plate and added roughness near the leading 
edge. (The roughness was created by the use of 
a 70 mm wide strip of a sand paper of 2 mm grit 

o 

size and 15 grits/cm .) 
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(iv) Turbulence generating grid (same as des- 
cribed above in (ii) and flat plate with 
added roughness (same as described above In 
' (iii). In this case the airfoil was also in 
place . 

i 

The experimental results on boundary layer thickness 
for the above mentioned four cases are summarized in Table (I) 
and the velocity profiles obtained are shown in Fig. 10 to 13. 

The edge of the boundary layer was assumed to be the 
point where the edge velocity reaches 99.9 percent of the free 
stream value. It is clear from the results that a combination 
of turbulence generating grid and the flat plate with added 
roughness is the best choice to increase the boundary layer 
thickness. 

4 . 2 Flow Visualization Studies 

The main purpose of the flow visualization study was 
to obtain a qualitative picture of the structure of the corner 
flow. It was decided to carry out the investigation using two 
flow visualization techniques: 

o Surface oil flow visualization 

o Smoke filament flow visualization 

It was expected that the first technique would provide 
a qualitative understanding of what was happening in the vicinity 
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TABLE (1) 


original page KJ 

Of POOR QUALITY 


Test 

Section Condition 

Boundary Layer Thickness 

(i) 

Flat Plate 

1 1 mm. 

(ii ) 

Flat Plate with Inlet 
Free Stream Turbulence 

15 mm. 

(111) 

Flat Plate with 70 mm. 
Initial Length Roughened 
with Sand Paper 

13.5 mm. 

(iv) 

Flat Plate with 70 mm. 
Initial Length Roughened 
with Sand Paper and 
Inlet Free Stream 
Turbulence 

15.5 mm. 



Figure 10. Mean Velocity Profile of the Boundary Layer on the Flat Plate 




Figure 11. Mean Velocity Profile of the Boundary Layer on the Flat Plate 
with Inlet Free Stream Turbulence 


ORIGINAL PAGE IS 
OF POOR QUALITY 



Figure 12. Mean Velocity Profile of the Boundary Layer on the Flat Plate 
with 70 mm. Initial Length Roughened with Sand Paper 
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of the surface. The second technique combined with high speed 
motion picture and motion analyzer would provide • clear 
picture of what is happening in the corner region away from 
the surface. 

The flow visualization experiments' using the first 
technique were quite successful. However, in the second tech- 
nique, difficulties arose in creating thick smoke and sustaining 
it up to the distances of interest. Nevertheless, some static 
photographs were obtained which did not provide much infor- 
mation. Effort to perfect this technique for highly diffusive 
flows is still continuing in order to obtain the spacial informa 
tion concerning the fluid flow phenomenon in the corner region. 

The oil used in the surface flow visualization experi- 
ment was §2 Diesel. Lampblack and titanium dioxide were used 
as pigments and oleic acid as dispersing agent depending upon 
the information required. Lampblack with very small amount of 
oleic acid{and sometimes without this dispersing agent) mixed 
with H2 Diesel to form a moderately thin paint gave good results 
when an over-all flow pattern was required. However, for a 
finer flow pattern inside the overall flow pattern, lampblack 
or T i 0 2 mixed with oleic acid in the ratio 4:1, dissolved in 
#2 Diesel to form a moderately thin paint were found to be more 
suitable. A very thin paint made from lampblack and HZ Diesel, 
with or without oleic acid was suitable, when it was required 
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to get an understanding of the strength of vortices on the 
surface and when information was needed concerning the time 
taken for a definite flow pattern to develop. 

In the smoke filament flow visualization experiments, 
titanium tetrachloride and the moisture present in the air 
react and generate a dense smoke, containingHC£ and suspended 
T i 0 2 • When the smoke passes through the tubes, T 1 0 2 deposits 
inside the tube passage and blocks its passage. The blockage 
hindered the process of continuous injection of thick smoke 
into the flow passage. It was not found possible to use tubes 
less than 3 mm in diameter at all. Therefore, the technique 
used was to dip the tube in TIC£ 4 and fix it in the position 
required. One motion picture was taken with this method. 

Another motion picture was taken by inserting some of the 
liquid TIC-C^ upstream of the airfoil. It was not possible to 
obtain any information from these two films, nor from static 
photographs also taken. In this report, although not presented, 
the photographs are kept in file. 

4.2.1 Experimental Results on Surface Oil Flow 
Visualization Studies 

The photographs Fig. 14 to 19 on surface oil flow 
visualization studies reveal the nature of the flow stream 
lines near the leading edge, mid chord position and trailing 
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edge of the corner region. The photographs also qualitatively 
Indicate the dimensions of the region of influence of corner 
flow for the test model used. Although we have not yet made 
a detailed analysis of all the photographs, nevertheless, 
the following observations may be of interest: 

From the patterns of streamlines on the flat plate near 
the airfoil, it was observed that the nodal point of separation 
occurs about 12 mm upstream of the leading edge of the airfoil 
(Fig. 14) and the curved separation line, gradually displaces 
away from the airfoil to about 20 mm at an axial distance of 
50 mm from the leading edge. The separation line then 
gradual 1 y draws closer to the airfoil. At an axial distance 
of 130 mm from the leading edge, it is at distance of 14 mm 
from the blade surface. The separating line then - becomes 
almost parallel to the surface between axial distances of 
130 to 165 mm from the leading edge, before again displacing 

i 

away from the airfoil surface (Fig. 15). Near the trailing 
edge the separating line is 19 mm away from the wake center- 
line (Fig. 16). A small corner stall appears to be present from 
about 10 mm upstream of the trailing edge (Fig. 17). The region 
of "horse shoe" vortex is between the separating ,s ti^eam 1 i ne^ 
and the airfoil surface. 

With the span of the airfoil horizontal, the pattern 
near the flat plate on the leading edge of the airfoil, the 
streaks in the region 1.5 mm to about 8 mm span bend towards 
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Figure 14 - Photograph of Streamline Pattern 


Obtained From Surface Oil Flow 
Visualization Experiment. Arrow shows 
the Direction of Flow. 

(i) Location of Observation: Leading Edge 

Region of Airfoil on the Flat Plate 

(ii) Camera Position: Top of Test Section 


(iii) Special Feature: Medium Thick Solution 

of #2 Diesel oil, Lampblack and Oleic Acid. 






Figure 16 - Photograph of Streamline Pattern Ob- 


tained From Surface Oil Flow Visualiza- 
tion Experiment. Arrow Shows the Direc- 
tion of Flow. 

(I) Location of Observation: Trailing Edge Region 

of Airfoil on Flat Plate 

(II) Camera Position: Top of Test Section 


(111) Special Feature: Medium Thick Solution of 

*2 Diesel Oil, Lampblack and Oleic Acid. 
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Figure 17 - Photograph of Streamline Pattern Obtained 


From Surface Oil Flow Visualization 


Experiment, Arrow Shows the Direction of 


Location of Observation: Trailing Edge Region 


of Corner, Flat Plate and Upper Airfoil 


Camera Position: Top of Test Section on 


Right at 45 


Downstream the Test Model 


( 1 1 i ) Special Feature: Medium Thick Solution of #2 
Diesel Oil, Lampblack and Oleic Acid. 



the flat plate. Slightly downstream, close to the flat plate 
(1.5 mm - 3 mm), small streaks away from the flat plate appear 
and a similar pattern keeps enlarging to about 3 mm, near the 

trailing edge. At about 100 mm from the leading edge, the 
general trend of all the streamlines are away from the surface 
of the flat plate. These results are from measurements on the 
airfoil after completion of the test. We could not, however, 
obtain good photographs. 

Outside these regions described, the general trend 
of the streamlines show the displacement effect of the boundary 
layer on the perpendicular surface. 

From tnese patterns, it is evident that a "horse 
shoe" vortex has formed at the leading edge of the airfoil 
from the vortex tube in the boundary layer of the flat plate. 

The diffusive effect of Reynolds stress reduces the strength 
of the vortex downstream. The Secondary Flow of the First 
Kind seems to be dominant in most of the region. 

Very near the corner, from about mid chord, there seems 
to be some Secondary Flow of the Second Kind present. The 
growth of the Double Vortex due to this is evident from „ 

(Fig. 18,19). However, away from ti.is narrow strip, Secondary 
Flow of the First Kind is dominant all the way up to the 
trailing edge. The appearance of Secondary Flow of the 
Second Kind is also confirmed through turbulenceispectra reported 
in Section (4.3). 
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Figure 18 - Photograph of Streamline Pattern 

Obtained From Surface Oil Flow Visualiza- 
tion Experiment. Arrow Shows the 
Direction of Flow 

(I) Location of Observation: Leading Edge Region 
on Upper Airfoil 

(II) Camera Position: Parallel to Flat Plate 

( 1 i i ) Special Feature : Medium Thick Solution of 

#2 Diesel oil, Lampblack and Oleic Acid 
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Figure 19 - Photograph of Streamline Pattern Obtained 


I. 

E 

E 

E 

r 

E 


From Surface Oil Flow Visualization Experi- 
ment. Arrow shows the Direction of Flow 


(i) 

Location of Observation: 

Trailing 

Edge 


Region on Upper 

Ai rf oi 1 




(ID* 

Camera Position 

Paral lei to 

Flat 

Plate 
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Special Feature 

: Medium 

Thick 

Sol uti on 


#2 Diesel Oil, 

Lampblack 

and 

Oleic 

Acid 
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4.3 Turbulence Studies 


Turbulence measurements were conducted to evaluate the 
overall turbulence properties of the corner region. The proper 
ties measured were longitudinal component of turbulence inten- 
sity and turbulence energy spectra. The h ( ot-wire probe was 
used in these measurements. The sensor of the probe was 4 
micron diameter and 1 mm long. The hot-wire probe sensor mater 
ial was tungsten. The anemometer, R.M.S. and digital voltmeter 
Used in the experimentation were DISA made. The energy spectra 
were measured with the help of an ultrasonic spectrum analyzer. 

The location of measurements for both the longitudinal 
component of turbulence intensity and the turbulence energy 
spectra are shown in Fig. 20, There were five axial stations 
of measurements and four points of measurements (a,b,c,d) at 
each axial station. The results obtained on longitudinal 

1 

component of turbulence intensity are summarized in Table ( k ) . 
The values of turbulence intensity are presented non-dimen- 
sionalized with respect to local mean velocity and free 
stream mean volocity. 

The maximum variation of turbulence intensity along ‘the 
chord length is observed for point 'b The trend in variation 
of turbulence intensity for points a,b,c and d are not 
consistent and apparently are correlated to the development 
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TABLE (2) 

TURBULENCE INTENSITY 


Stati on 


Located 

1 

2 

3 

4 

5 

a ( 1 ) 

28.96 

6.27 

6.48 

9.35 

16.89 

(11) 

5.47 

6.08 

6.23 

5.91 

I. 

5.73 

b ( i ) 

17.15 

6.01 

7.42 

10.46 

24.72 

(11) 

4.89 

6.09 

7.30 

7.44* 

7.36 

c ( i ) 

8.23 

5.48 

5.10 

5.60 

8.70 

(11) 

6.31 

5.47 

5.23 

5.27 

7.03 

d { i ) 

12.79 

6.87 

8.58 

11.06 

12.64 

(11) 

8.09 

6.00 

7.49 

8.39 

7.73 


(i) With respect to Local Mean Velocity 

(ii) With respect to Free Stream Mean Velocity 

23 . 4 ‘ m/sec . 


* 
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of corner flow. A detailed and closer examination of this 
phenomenon will be made after we have completed the detail 
measurements in this region. 

The spectra were taken for a sweep width of 30,0D0HZ. 
The spectra are presented in' photographs (Fig. 21-40). The 
ordinate represents a Db scale while the abscissa represents 
frequency. The photographs on spectra show that there is an 
increase in percentage of total kinetic energy contained in 
the smaller eddies at station 2 for points a and b. 

Along point 1 a * which is the point of measurement 
closest to corner, the increase in the energy at hii/fh fre- 
quency at station 2 may be attributed to the formation of 
double vortex. It appears that the scale of double vortex 
formation is of the order of 2 mm, which is nearly the same 
as the distance of point 'a 1 from the corner. However, there 
is not much change in spectrum from station (2) to (3). 

From the oil film flow visualization, it is observed 
that double vortex formation almost coincides with the increase 
in the energy contained in larger vortices. However, reduction 
in turbulence intensity can not be explained at this time. 

* i 

Along point b which is in the outer region of the 
incident boundary layer, the spectrum at section 2 shows marked 
increase in energy of small eddies and turbulence intensity. 


- 58 - 


• 


Di ^RIGINAC PAC3F 

BUCK AND WHITE photograph 



Figure 21 . (Location la ) 



Figure 22. (Location lb) 
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Figure 23. (Location lc) 
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Figure 25. (Location 2a) 



Figure 26 (Location 2b) 
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Figure 27. (Location 2c) 



Figure 28. (Location 2d) 
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Figure 29. (Location 3a) 



Figure 30. (Location 3b) 
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F 1 gure 31 . ( Location 3c ) 
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Figure 33. (Location 4a) 


Figure 34. (Location 4b) 
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Figure 35. (Location 4c) 


Figure 36. (Location 4 d ) 
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Figure 37. (Location 5a) • 



Figure 38. (Location 5b) 
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Figure 39. (Location 5c) 



Figure 40. (Location 5d) 
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However the spectrum was quite unsteady and it appears that 

the transition from laminar to turbulent boundary layer takes 

place near this or just ahead of this station. Turbulence s 

intensity beyond this station gradually increases and the 

spectrum becomes steady. From station (3) to station (4) 

I 

there is a slight increase in the ratio of energy contained 
in larger eddies compared to smaller eddies. This increase 
in energy may be due to the extra rate of strain introduced 
by adverse pressure gradient along the surface of the airfoil j 

and faster dissipation of smaller eddies. j 

| 

Survey along points *c‘ and ' d * did not show any marked 
variation in the energy spectrum. The turbulence intensity 
at station (1) is thought to be due to the stretching of the 
incoming vortex sheet. There is no variation in turbulence 
spectra along point ' d ' because the boundary layer is already 
developed and the Offect of the corner region is weak. Same 
is the case along point 'c' and the spectra remains the same ; 

as the free stream turbulence energy spectrum. 

To maintain originality and accuracy of information, 
it is felt appropriate to retain the PFB units of System in the 
following Section of the Report which relates to wind tunnel 
design and construction. 

* 

• • . . \ 
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DESIGN AND FABRICATION OF THE NEW WIND-TUNNEL 
A low speed open circuit type wind tunnel design and 
its fabrication details are presented in this section. The 
main objectives for the present design were to obtain: 

(1) A uniform velocity of 110 ft/sec in a test- 
section of 18 in. x 18 in. 

(II) A turbulence level of the order of 0.25% 

The free stream velocity of 110 ft/sec could be 
achieved at a flow rate of 14850 CFM (cubic feet per minute). 
The desired level of turbulence and uniformity in velocity 
distribution in the test-section could be achieved by approp- 
riate choice of the combination of honeycomb and screens and 
by design of the settling chamber. An overall schematic 
diagram of the wind-tunnel is shown in Fig. 41. It consists 
of a centrifugal blower, divergent passage, constant area 

i 

passage containing honeycomb and screens, a contraction 
passage and a test- section . The over-all wind-tunnel character- 
istics are presented in Table (3). 

5.1 Overall Design Procedure 

The design of the wind-tunnel comprised of two parts. 

(I) Establishing the main dimensions of the tunnel 

(II) Selection of honeycomb, screens, blower and motor 



Figure 41 . New Wind Tunnel for Turbulence Measurements in Corner Flow 


TABLE (3) - WIND - TUNNEL CHARACTERISTICS 


S. No. 

ITEM NAME 

Part No, 

In Fig. 41 

SPECIFICATION 

1 . 

Air Supply Units 

1 


1 a 

Motor 


Motor HP-25 , RPM-1800 

Kb) 

Pan 


NEW YORK BLOWER Make 
Acousta Foil Fan, No. 3 
Class II with variable 
inlet damper for flow 
rate control, flow rate- 
16000 CFM, static pres- 
sure rise -6"WG, Outlet 
flow velocity-3600 ft/min, 

2. 

Concrete Foundation 
for Motor and Air 
Supply Unit 

2 

90" x 60" and height 8" 

3. 

Settling Chamber 



3(a) 

Diverging Passage 


Area ratio 2.97 and 
length is 7 ft. 

3(b) 

Constant Area Passage 

4 

Area of Cross-section 




15.34 ft^ Length 4 ft. . 

3(c) 

Contraction Nozzle 

5 

Area ratio-6.82, 
Length 4 ft. 

4. 

i 

Honeycomb & Screens 



4(a) 

Honeycomb 

6 

Cell Size - 1/4 in. 
L/M = 8 

4(b) 

Screen No. 1 

7 

Mesh Size 10, width 
opening 0.075 in. 

Wi re dia. - 0.025 in. 

4(c) 

Screen No. 2 

8 

Mesh Size-40, width of 
opening 0,015 in. 

Wire dia. - 0.010 in. 

5. 

Test Section 

9 

Cross-Section- 18 in. x 
18 in. free stream veloc- 
ity - 110 ft/sec. 

6. 

Supporting Frame 

10 

Frame of wood for support- 


ing tunnel 
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In establishing the major dimensions, the critical 
choice was the area of the plenum chamber which adjoins both 
the contraction and ’the diffusing passages. The consideration 
in this selection was to obtain low velocities (10 to 20 ft/sec) 
so that a minimum pressure loss occurs when the flow passes 
through the honeycomb and screens for a given velocity. 

The length of the diffuser part was selected to avoid separation. 
The length of plenum was selected to minimize turbulence and 
obtain a uniform flow. The length of the contraction part 
was based on the design of constant pressure drop across the 
contraction from plenum to test-section. To maintain symmetry, 
all cross-sections were made square. All. the dimensional ratios 
in the design were kept within the limitations specified in 
the available literature. 

The selection and location of screens in the plenum 

i 

were to obtain a maximum possible uniformity in flow, low 
turbulence, and low pressure drop. The selection was made 
possible based on available literature, other wind-tunnel 
and design test data and specific studies made on honeycomb and 
grid turbulence. The selection of the blower was made to pro- f 
vide the required velocity in the test-section and generate 
enough static pressure to overcome all losses through the wind- 
tunnel. The blower selected had a variable inlet damper to control 
the velocity in the test section. A motor was selected based on 
power requirements to run the blower, overcome belt drive losses 
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and internal losses of the motor. 

5.2 Component Design Calculations and Considerations in 
Design 

5.2.1 Settling Chamber 

5. 2. 1.1 Contraction Passage (Nozzle) - In the design 
of contraction passage, two important parameters are contraction 
ratio and length of the passage. A contraction ratio of 10-12 
has been used in earlier wind-tunnel designs [83,84]. Wind- 
tunnel contraction reduces the turbulence level in the test- 
section. It has been shown that the absolute lonqitudinal 
fluctuations are reduced in a ratio lying between 1 / Jn and 
2/Jri where n is the contraction ratio [84]. The length of 

the contraction passage is selected such that the flow at exit 
stays uniform and the boundary layer developing on the walls of 
the passage stays thin. It is also pointed out in the litera- 
ture that the effect of contraction is greatly dependent on 
the nature of the initial disturbance. 

For the present design, a contraction ratio of 6.82 and 
length of 4 ft. was selected. The contraction ratio is well 
within the limits not to cause excess loss of pressure. The 
shape of the contraction passage is obtained by considering ‘ 
a constant pressure gradient at every section along the 
length of the passage. The cross-section is square at each 
section of the convergent passage. Since sudden contraction 
causes a large head loss, this loss can be reduced considerably 
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by employing a gradual contraction. It is shown that with a smoothly 
designed transition, a loss coefficient (kj of 0.05 is possible [85], 

V 

For conical reducers K c of about 0.10 is obtained with cone angles be- 
tween 20° to 40°. The head-loss due to contraction is evaluated by 
the use of relation given below. 

h c - k c U*/2g c 

where k head loss coefficient. For the present calculation, a value 

V 

of 0.10 is used. 


- velocity at the exit end of contraction passage 
Calculations for contraction passage and losses through it are pre 
sented below: 


Applying continuity equation between section 3 and 4 and as 
suming incompressible flow we get, 



The contraction ratio (A^/A^) based on available literature 
[83,84] is chosen to be 6.82 and hence, A^ * 15.34 ft 2 and U 3 = 16.13 ft/sec. 
The value of static pressure at section 3 is obtained using Bernoulli's 
equation. 

u 2 

p 3 + -i . p 4 + !!i- 

2g c 2g c 

p 

and was found to be (P 3 ) = 2130.30 Ibf/ft . The contraction passage shape 
is designed from consideration of constant pressure gradient at every 
section of the passage, From one-dimensional equation of motion for 
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inviscid and incompressible flow. 


U dU 
ix 




The velocity at different sections of the nozzle and hence area of cross- 
section can be calculated by using the continuity equation. Length of 
contraction passage is taken to be 4 ft. 

p 

Pressure at inlet of contraction passage (pg) * 2130.31 Ibf/ft 

2 

Pressure at exit of contraction passage (P 4 ) ■ 2116.80 Ibf/ft 

Pressure drop per unit length (dp) s **3.38 lbf/ft 2 

dx 

(Because total length of the contraction passage is 4 ft.) 

Value of 1 dp for the segment considered (length of each segment is 
‘fix 

0.125 ft,) is = 185.09 ft 2 /sec . 2 

and U dIJ for the segment considered ( = U dU dx) = dU 2 
dx dx 2 

Therefore, velocity at any section is given by the relation 
4 

j 2 2 

dU 2 = U 4 " U 3 = 185.09, or U 2 - U 2 = 370.18, or 

2 2_ H J 

U 4 = J U 3 + 370 • 18 

The velocity and area calculations are presented in Table (4). The 
pressure loss in the contraction passage is calculated as follows: 

The head loss in contraction passage is evaluated by using the 

1 2 

4 

2 9c " 


relations 


h c = k c 
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TABLE 4 


S, No, Section 


(Ft) 

1 

Inlet 

2 

0,125 

3 

0.250 

4 

•0.375 

5 

0.500 

6 

0.625 

7 

0,750 

8 

0.875 

9 

1.000 

10 

1.125 

11 

1.250 

12 

1.375 

13 

1.500 

14 

1.625 

15 

1.750 

16 

1.875 

M 

2,000 

18 

2.125 

19 . 

2.250 

20 

2.375 

21 

2.500 

22 

2.625 

23 

2.750 

24 

2,875 

25 

3,000 

26 

3.125 

27 

3.250 

28 

3.375 

29 

3.500 

30 

3.625 

31 

3.750 

32 

3,875 

33 

Exit 


Velocity 

(Ft/sec) 

Area 

(ft 2 ) 

16.13 

i 

15.34 

25,11 

9,85 

31,63 

7.82 

37.02 

6.68 

41.72 

5.93. 

45.95 

5.38 

49.83 

4.97 

53.40 

.4.63 

56.76 

4.36 

59.93 

4.13 

62.94 

3.93 

65.82 

3,76 

68.57 

3.61 

71.22 

3,47 

73.77 

3.35 

76.24 

3.24 

78.63 

3.15 

80.95 

3.06 

83.21 

2.97 

85,40 

2.90 

87.54 

2,83 

89.63 

2.76 

91.67 

2.70 

93.67 

2.64 

95.63 

2.59 

97.54 

2.54 

99.42 

2.49 

101.27 

2.44 

103.08 

2.40 

104.86 

2.36 

106.61 

2.32 

108,33 

2.28 

110.00 

2.25 


Height 

(Ft) 

3,92 

3.14 
2.80 

2.58 
2,43 
2.32 
2.23 

2.15 
2.09 
2.03 
1.98 
1.94 
1.90 
1.86 
1.83 
1.80 
1.77 
1.75 
1.72 
1.70 
1.68 
1.66 
1.64 
1.62 
1.61 

1.59 
1.58 
1.56 
1.55 
1.54 
1.52 
1.51 
1.50 
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Where k c - head loss coefficient for gradual contraction * 0,10 
- velocity at exit of contraction passage * 110 ft/sec 
The value of h c was found to be 0,27 Inch WG ( p in lbf/ft 2 * 1.405 
lbf/ft 2 ) 

5.2. 1.2 Constant area passage (Plenum) -Wind tunnels In 
which air is supplied by a centrifugal fan have flow at the fan exit 
highly swirling and non-uniform, In addition the flow velocity is quite 
high. To reduce flow non- uniform! ties and turbulence level, a constant 
area passage with honeycomb and screens is employed downstream of the 
fan after a diverging passage. Some of the earlier wind-tunnels- used 
only screens as a flow control device, tumley [86] reported that for 
the same pressure drop honeycomb is more efficient in reducing turbulence 
intensity than screens. It is quite evident from the results [87] that 
pressure loss coefficient is larger if the length (L) of the honeycomb 
is increased for the same cell-size (M). A honeycomb of L/M <10 has been 
mentioned in the literature as suitable for wind-tunnels [83,87], It has 
also been observed that the location of the peak of turbulence intensity 
moves downstream as the length of the honeycomb increases. But when a 
honeycomb is combined with a screen or screens, the effect of length 
of the honeycomb on turbulence peak displacement reduces. Moreover, a 
honeycomb-screen combination produces a much lower turbulence level 
than a honeycomb alone. This is because of the fact that the large 
scale jets exiting from the honeycomb cells are broken up into smaller 
scale eddies which decay faster. Distance between honeycomb and screen 
is critical to get a significant effect of the honeycomb-screen combination. 
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This distance has been reported to be less than $M [87]* In 
the present design a honeycomb of 1/4 Inch cell site and L/M ■ 6 
Is used (i.e. length of honeycomb cell, L is 2 inch), The 
distance of one Inch (I.e. 4M cell size of honeycomb) Is kept 
between honeycomb and first screen. A coarser screen H, provided 
just after the honeycomb [88]. A screen of mesh size 10 is placed 
at a distance of one inch from the honeycomb. Similarly the full 
effect of multiple screens will be observed if they are placed 
far enough apart for the turbulence in the wire wakes of one 
screen to decay before the next screen is reached [83]. It is 
found that the distance between two screens should be at least 
500 d (d is diameterof first screen). In*the present wind-tunnel 
design, two screens are provided in the plenum chamber. Their 
mesh sizes are 10 and 40. Also from the data available [84], 
it is evident that the pressure loss is more for a screen of 

i 

larger mesh size or, in other words, when the screen is of 
finer mesh. The details on flow control devices are given 
in Table (5). The calculations for the flow parameter and the 
pressure loss through the plenum chamber is as follows: 

Flow conditions known at the exit of constant area passage 
(section-3) are: 

P 3 = 2130.31 lbf/ft 2 , U 3 = 16.13 ft/sec, A 3 = 15.34 ft 2 , 
f* 0.0735 Ibin/ft 3 


TABLE 5 


Screen 

Number 

Mesh 

Pressure Loss 
Coefficient^ 

Wire Dia. 
(Inch) 

Width of 

Opening 

(Inch) 

1 

10 

1.4 

0.025 

0.075 

2 

40 

5.0 

0.010 

0.0150 


The flow irregularities are reduced by employing devices like 
screens and honeycomb. In order to estimate flow parameters at 
inlet of plenum chamber, the following procedure is adopted 
(i) Losses are calculated through honeycomb and screens 

(It) Length of the constant area passage (plenum chamber) is 

decided based on the fact that the 'length must be 
sufficient for the decay of turbulence produced by 
the last screen. 

(iii) Skin, friction losses are calculated for the plenum chamber. 
For the calculation of skin friction losses, flow is 
considered turbulent in the plenum chamber. 

Honeycomb selected has the following characteri st i cs : 

Cell size: 0.25'*, L/M ratio for honeycomb is 8, where L is the 
length of each cell in the direction of flow. In the present 
case, the length of honeycomb cell is 2", The pressure loss 
coefficient for honeycomb, k^ = 0.5 [87]. 

It was decided to use two screens and their important 
characteristics are given in Table (5). The values of pressure 
loss coefficients are calculated for free-stream velocity of 
16.13 ft/sec (reference 84, Fig. 371). Values of wire diameter 

f: 

and width of opening are taken from Suppliers Bulletin; 5-10-a, 
Sherwatt Wire Cloth Co. Inc. [89]. Thus, total pressure loss 
coefficient due to honeycomb and two screens is + K $ ^+ K g2 

Where, k^ - pressure loss coefficient of honeycomb, K $ j pres- 
sure loss coefficient of screen number 1, K s2 - pressure loss 
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coefficient of screen number 2 and was found to be 6.9. Since 


K 


r = r!b 


lr/2g 


Where U is the free stream velocity in the plenum chamber, the 
pressure drop due to these devices can be calculated using the 
above relation. 


f U^K 

AP = = 2,05 lbf / ft;2 

The position of the first screen is determined, based on the 
earlier discussion, so that the distance between honeycomb and 
screen is less than 5 cell-size of honeycomb. Therefore, the 
screen No. 1 is placed at a distance of 1" from honeycomb 
end. This distance is 4 cell-size of honeycomb {honeycomb cell 
size is 0.25"), The distance between screen No. 1 and screen 
No. 2 is taken 500 wire diameter of first screen. This distance 
is therefore 12.5". Based on similar criteria of 500 diameter 
for screen No. 2, the distance required downstream is 5". 

The length of the total plenum chamber is taken as 4 ft. 


The pressure loss in the plenum chamber is calculated 
as follows: 

The calculations are based on flow through ducts. The pressure 
drop is calculated by using the relation, 


& P _ f L + K. , where K, is the correction factor 
U 2 /2B C = D h 

to take into account entrance effects, f is the friction factor. 
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D h is hydraulic diameter. Value of is 3.92 ft and K L = 1.55, 

f Re D = 56.91 [90]. Reynolds number based on hydraulic diameter 
h 4 

is 37.46 X 10 . Since the length of duct in the present case is 


small and flow is not fully developed, value of is used to 
calculate pressure drop. Value of pressure drop (^p) is 0.46 
lbf/ft 2 (0.088" WG). 


5. 2. 1.3 Diverging Passage (Diffuser): The divergent 

passage downstream of the fan is required to reduce flow velo- 
cities from the fan exit. In the present case, the fan exit 
velocity is of the order of 50 ft/sec. The flow at the fan exit 
is swirling and may have non-uniformities. To reduce the pres- 
sure losses, it is important to reduce flow velocity in the 
plenum chamber where flow control devices are used. For the 
present design, a velocity of the order of 16 ft/sec in the 
plenum chamber is within the specified range [84]. For the 
design of the divergent passage, important geometrical para- 
meters are area ratio, A^/A^ , and the axial length of the 
diffuser. Performance of the diffuser is also influenced by 
the inlet flow conditions. In such passages, the total pres- 
sure loss may be considered in two parts - one is the friction < 
loss and the second is a turbulence loss set up by induced 
currents which produce a vortex motion over and above that 
which normally exists. Frictional losses will increase with 
the length of the diffuser. Length can be reduced for a given 
area ratio by increasing the angle of divergence. On the 
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* 


other hand, turbulence losses will increase with increase 

of divergence and if this rate of divergence is large enough 

there may be a separation at the walls and eddies flowing 

backward along the walls. The total loss is the sum of the 

foregoing two losses. Optimum angle of divergence has been 

found to be 7° [85,91,92]. A compromise is made in selecting 

the geometrical parameter. In wind-tunnel practice^ maximum 

area ratio of 5 has been used in the earlier design [83] . 

The area ratio for the present design is 2.97, to assure no 

separation over the chosen length. Axial length of the d i f - , 

fuser is 7 ft. Losses due to gradual expansion are evaluated 

by the use of relation: 

_ K d (U, - U 2 ) 2 

h d - 

2 9c 

Where « d is the pressure loss coefficient and its value is taken 
to be 0.2 [85], flow velocity at inlet of the diffuser, U 2 
flow velocity at exit of the diffuser. 

The calculation for the diverging passage and the 
pressure loss through it are as follows: 

i 

The area ratio selected for the present design, Ag / A ^ 
.is 2.97 and therefore A-j is 5.17 ft 2 . This is the fan exit 
area (fan is available with exit area of 5.17 ft ) or inlet 
area of cross-section of diverging passage. The performance 
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of the diffuser is influenced by the inlet flow conditions 
and is measured in terms of parameters like pressure recovery 
C , ef fecti venss C / C (C is ideal pressure recovery) 

and head loss. A compromise has to be made in the selection 
of diffuser geometry. As pointed out by Klipe, et a'l and 
others [91,92 ]» the optimum diffuser efficiency occurs when 
the included angle 29 is about 7°. At constant L,/L 2 , maximum 
recovery occurs at larger area ratios than maximum effective- 
ness (see Fig. 42 for notations). But minimum head loss 
occurs at lower area ratios than either maximum effectiveness 
or recovery. If the included angle is small, the length of 
diffuser becomes very large. In the present design as L 2 
is fixed, in order to avoid large axial -ength t^/Lg.shoul d 
be small. in the present design has been selected to be 
7 ft. Based on the value of Lj, values of 6 are calculated for 
both the dimensions of inlet. Corresponding to fan exit 
dimensions (diffuser inlet dimensions) values of 9 and L/ L 2 
are as follows: 

(i) L 2 = 33.26 inch (2.77 Ft.), 9 = 4.67°, L/L 2 = 2.53 

(ii) L 2 = 22.385 inch (1,865 ft), 9 = 8.33°, L/L 2 - 3.79 

If we Took into a typical performance chart for two- 
dimensional diffuser of such geometry, the diffuser efficiency 
is below 85% [91] . Now applying continuity .between sections 
1 and 2 (Fig. 4 2) we get 
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ORIGINAL PAGE IS 
OF POOR QUALITY 


A 2 

= — U 2 a 47.91 ft/sec. From the definition of 
A 1 

diffuser efficiency 

'Id- 2 ^ 2 Pl * or P 2 -P, - ?<U 2 - U 2 ) Id = 1.85 lbf/ft 2 
*<«1 - 4 )/g c 2 ' g c 

Therefore P-j = 21 30.50 lbf/ft 2 

The head loss in the divergent passage is evaluated by using 
the relation. (u . y \2 

K j I t 

^ , where k rf pressure loss coefficient 

2 9c 

and is chosen to be 0.2, flow velocity 'at inlet of diffuser 
= 47.91 ft/sec and U 2 flow velocity at exit of diffuser = 

16.13 ft/sec. 

Therefore h^ = 0.21 lbf/ft 2 

* 

5.2.2 Blower Requirement and Selection 

Air is supplied to the wind-tunnel by an Acoustifoil 

fan, 309 SWSI (Single width, single inlet), Class II with 

3 

maximum flow rate of 16000 ft /min. at a pressure rise of 6 
inch WG (Water Gage) and 1600 RPM (revolution per minute). 

This centrifugal fan, manufactured and supplied by the 
New York Blower Company of Willowbrook, Illinois, is belt-driven 
(4 V-belts, BX-85-430 size) and powered with an A.C. motor 
of 25 H.P. with maximum speed of 1800 RPM. The flow rate is 
controlled with the help of an inlet damper, the setting of 
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which is controlled with a sophisticated electrically operated 
actuator. The inlet damper can be operated from fully op$n 
to fully closed position. Damper actuator RCS-MAR-10 extended ’ 
duty with model No. 33-4 controller, modulating feed-back 
potentiometer is manufactured by Raymond Control Systems and 
supplied by New York Blower Company. Operationally this unit 
is very simple and requires a regulating switch which adjusts 
current through modulating feed-back potentiometer (4-20 
mi 1 1 i amperes ) . Milliamperes readings are calibrated with damper 
angular settings and thus required flow rate can be obtained. 

Calculations for the pressure rise through fan are as 

follows: 

The static pressure rise through fan required isAP = 13.7 lbf/ft 
(2.64 inch of water column), 

Volume flow rate = test section area x maximum free stream 
velocity and is 14850 ft /min. 

One fine screen is provided at the suction end of the 
fan to prevent any foreign material from being sucked into the 
wind-tunnel through the fan. For this, a pressure drop of 1" 
equivalent is taken into consideration (this is equal to 

p 

5.20 lbf/ft ). Pressure rise required after considering various 

2 

losses in different components is 20.975 lbf/ft (4.04 in WG). 

2 

where, pressure loss through contraction passage is 1.405 lbf/ft , 

pressure loss through constant area passage is 0.46 lbf/ft and 

2 

pressure loss through diverging passage is 0.21 lbf/ft . 
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5.2.3 Motor Requirements and Selection: 

To estimate power requirement for the wind-tunnel, 
the following procedure is adopted. 

From the known flow parameters at test-section, 
calculations are made to evaluate the value of pressure re- 
quired at the fan exit.* Losses occurring in.various components 
of the wind-tunnel are taken into account. Pressure losses 
through flow control devices, honeycomb and screens, are 
also evaluated and taken into account. Based on these calcu- 
lations a suitable motor is selected. Motor selected is an 
A.C. motor of 25 HP with maximum speed of 1800 RPM and is sup- 
plied by the New York Blower Company, The motor, manufactured 
by Westinghouse Electric Company, is 3 Pha'se, 60 cycles, 

200 volts and 75 amperes and TEFC Type (totally enclosed fan 
cooled). Motor is provided with rail (frame No. 284T) for de- 
sired movement of the motor during assembly with the fan. An 
A.C. starter manufactured by Allen Bradley, No. 509 D AH - 1 , 
series A, Size 3, NEMA-1 enclosure, 3-Phase with overload 
heaters and built-in start and stop push button, is employed 
for the control of the motor. An additional general duty safety 
switch manufactured by Square D Company is used as a safety 

a- 

measure. 

Calculations for the motor power are as follows: 

2 

The static pressure rise required is 18.90 lb/ft 
(excluding the losses through various components). Power 

required to obtain this static pressure rise (ap x volume flow 
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rate) * 8,505 HP, Also we note that the blower has to increase 
the kinetic energy of the air in addition to raising static 
pressure of the air. Power required to increase the kinetic 
energy (mass flow rate x 1/2 (J 2 ) “ 1,18 HP, where U is the 
velocity at fan exit. Thus the total power required by fan 
is 9.685 HP. Power of the motor is calculated considering ef- 
ficiency of the blower and mechanical efficiency. For approxi- 
mate evaluation purposes, efficiency of the blower is assumed 
75% and mechanical efficiency to be 85%. Therefore power of 
the motor is 15.19 HP. In addition, the pressure drop due to 
friction losses in various components of the tunnel has to be 
considered. Additional power required to overcome these 
losses is 0.93 HP. Thus the total power required is 16.12 HP. 

5.3 Fabrication Details 

The fabrication of the tunnel required day to day 
supervision and it was not found feasible to subcontract its 

i 

fabrication to outside contractors. Therefore all the fabri- 
cation work was done in the CcNY's Mechanical Engineering 
Department workshop. 

5.5.1 Diverging passage. This passage of the 
wind-tunnel is constructed out of the 1/2" thick plywood sheets 
with one side very smooth. As the axial length of diverging 
passage is large (7 ft), the passage is strengthened by fixing 
additional support along the height, at a suitable position, 
made of 1-1/2" x 3-1/2" wooden slats. Sharp corners formed 
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at the joints In the passage were smoothed by placing cove 
molds of 1-5/8" all along the length of the passage, These 
molds are first glued with contact cement and subsequently 
nailed (size of nails used is one inch). Additional care 
was taken so that these molds are properly placed in the 
corner and no gap is left. Both the ends of' the cove mold 
(wooden) are closed by using wooden plastic. To prevent any 
air leakage through the joints of the duct, contact cement is 
applied at the joining surfaces before final fixing with 
nails. Care Is taken to prevent leakage through the joints 
by providing a fibre glass coating all along the length and 

for this purpose 2" wide fibre cloth ribbon is coated with 

* 

resin. Flanges at both ends of the diverging passage are 
made with 1-1/2" x 3-1/2" wooden flats. Proper cutting of 
sides of flanges was necessary since the walls of diverging 
passage are at an angle. 

5.5,2 Plenum Chamber (Constant Area Passage) 

This part of the wind-tunnel is made in thee parts. Two 
passages are of 1 ft. length each and third one is of 2 ft. 
length. This was necessary so as to fix flow control de- 
vices such as honeycomb and screens at proper distances. The 
distance between these devices is very important in controlling 
the turbulence and non-uniformity as has been described in the 
previous sections. Honeycomb was cut 1/16" larger in size 
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as compared to the passage size in which it is fixed and then 
press fit into the passage, Cove molds are fitted in the corners 
of this duct in such a way. so as to prevent any movement of the 
honeycomb. In this way, the honeycomb is properly positioned 
in the duct without any movement in axial direction. Flanges 
for this duct are made out of 1-1/2” x 3-1/2'" wooden flats and 
are glued with contact cement before final fixing to the duct 
with nails of (M.S. nails). All the parts of constant area pas- 
sage are made out of 1/2” thick plywood sheet with one side 
smooth. Screens are cut in larger than the duct opening (47" 
x 47") and are stapled in the flanges with the help of a 

special staple machine used in wood work, While installing the 

* 

screens, special precautions were taken so as to avoid any 
sagging. Flanges for other plenum chamber ducts were made in 
a similar way as for the first one used for fixing honeycomb. 

In all the three ducts sharp corners are fitted with cove molds 
and closed at the ends with plastic wood. Exact distances 
between flow control devices are maintained by making the 3 
ducts of suitable dimensions. 

5.5.3 Nozzle (Convergent passage of the wind-tunnel): 
The most complicated part in the construction of the wind- 
tunnel was the fabrication of the converging passage. Many 
problems were experienced in its fabrication. Complications 
arose since the contracting passage required all the four 
walls of the nozzle to converge according to a complicated curve. 
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A number of materials were considered to construct this 
passage; sheet metal, plexi-glass, etc. Since we did not 
have proper facilities to make this part from sheet metal or 
pi ex 1 -glass we decided to fabricate this part out of flexible 
wooden sheets and later strengthen It with fibre glass. A 

I 

long period of time was spent in finding suitable wooden 
sheets which could be bent In the desired contour. After a 
thorough survey in the market, we found suitable s.ieets called 
"Poplar sheets'Whlch have sufficient flexibility. These 
sheets are 1/8" thick and were used in the fabrication of the 
nozzle. Four sheets were cut according to designed contours 
and then were slowly bent to the desirec. shape. In order to 
get the inner contour, a wooden mold was made. Rags soaked 
in water were spread outside of this structure in addition 
to fixing with plastic straps so that sheets took the desired 
shape. This was quite a slow process but the desired shape 
was finally obtained quite accurately. Firstly, all corners 
on the outer side were joined and fibre cloth ribbons were put 
on with a coating of resin. Polyester resin was used with 
suitable amount of hardener (1.5$ by weight of resin - MEK 
peroxide in Dimethyl Phthalate) to achieve good structural 
strength. Once all the corners were properly assembled, the 
fibre glass sheets were laid to strengthen the nozzle structure. 
Suitable tools were used while working with fibre glass so 
that no air pockets between wooden surface and fibre cloth 
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are left. This way a good bonding was obtained. Final 
coating of resin was given to obtain a smooth surface, Inside 
the passage, all corners were fitted and smoothed by using 
special wooden putty. 

Flanges at both ends of the converging passage are 

t 

made out of 1-1/2" x 3-1/2" wooden flats. All parts of the 
settling chamber were assembled using 3/8" carriage bolts 
(3-1/2" long). Bolts were put 4" apart except at the ends of 
the flanges where the distance is 1-3/4" from the end because 
of joint considerations of flanges. Inner surface of all 
the parts of the settling chamber were given a number of coats 
of varnish (polyurethane clear high gloss .variety) so as 
to achieve smooth surface. Gaskets (rubber) are provided in 
between each flange so as to prevent air leakage from the 
joints at the flanges. To support the wind-tunnel components 
a wooden frame was 'made out of 4" x 4" wooden flats and the 
frame was firmly bolted to the cemented floor. The photograph 
of wind-tunnel assembly is shown in Figure 43. 
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Figure 43. Photograph of Newly Built Wind-Tunnel 
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